Intracerebral hemorrhage (ICH) is a subtype of stroke that is followed by primary and secondary brain injury. As a result of the injury, cell metabolism is disrupted and a series of stress responses are activated, such as endoplasmic reticulum (ER) stress and the unfolded protein response (UPR), leading to the re-establishment of cell homeostasis or cell death. As an important mechanism of cell homeostasis, autophagy has been widely studied, and the associations between autophagy, ER stress, and the UPR have also been demonstrated. Whether these mechanisms are beneficial or detrimental remains a matter of controversy, but there is no doubt as to their vital functions. An understanding of the mechanisms of injury and recovery after ICH is crucial to develop therapeutic strategies. In this review, we summarize the related studies and highlight the roles of autophagy, ER stress, and the UPR in disease, especially in ICH. We also provide an overview of therapeutic approaches that target autophagy, and we discuss the prospects for modulating autophagy, ER stress, and UPR mechanisms in ICH therapy.
Introduction
Autophagy plays an important role in cell metabolism and disease pathology [1] [2] [3] .
This intracellular mechanism is essential for cell survival, facilitating the breakdown and eventual recycling of macromolecules during cellular adaptation to environmental changes. The endoplasmic reticulum (ER) is an organelle wherein proteins are synthesized, matured, and secreted. When a cell experiences stress conditions, such as starvation, redox imbalance, altered protein glycosylation, or protein folding defects, the normal functioning of the ER in protein synthesis is disrupted, and the ER switches to a stress state. As misfolded proteins accumulate, the unfolded protein response (UPR) is initiated to counter these stress effects [4, 5] . The eventual outcome of ER stress determines whether a cell survives or undergoes programmed cell death [6] . The significant role of the ER stress-associated UPR in disease has been well studied [7] [8] [9] . It has been widely reported that autophagy is associated with several neurologic diseases, such as Alzheimer's disease (AD) [10, 11] , Parkinson's disease (PD) [12] , amyotrophic lateral sclerosis (ALS) [2] , subarachnoid hemorrhage and ICH [13, 14] . As a subtype of stroke, intracerebral hemorrhage (ICH) is often associated with high mortality and morbidity [15] , as well as with poor clinical outcomes. 20% of patients are functionally independent at 6 months after experiencing ICH [16] , and survivors often suffer from serious neurologic impairments [17] . With the growing understanding of brain injury mechanisms after ICH, preventing brain injury and promoting neuronal survival have emerged as therapeutic goals. In this review, we provide an overview of the associations between autophagy, ER stress, and the UPR, as well as their roles in disease pathology, especially in ICH, and we highlight potential treatment strategies. are released back into the cytosol for reuse [18] . In microautophagy, the membrane of the lysosome invaginated and differentiates into an autophagic tube to enclose or engulf the cytosol directly. However, misfolded or unfolded proteins and other cytoplasmic material can also be imported by CMA directly into lysosomes, where they continue to be digested with the help of HSPA8/HSC70
The mechanism of autophagy
(heat shock 70-kDa protein 8) [19] . Protein substrates containing a "KFERQ"-like motif are recognized by the constitutive heat shock cognate 70 (HSC70) chaperone and delivered to the lysosomes upon binding to lysosomeassociated membrane protein (LAMP)2A
receptors on the lysosomal membrane [20] .
Another subtype of autophagy is noncanonical autophagy [21] , in which phagocytes kill or digest extracellular pathogens directly.
The activation of autophagy can be detected by transmission electron microscopy (TEM) during the development of phagophores (isolation membranes) and autophagosomes.
The morphologic process of autophagy is shown in Figure 1 . Based on our current knowledge, it appears that the formation of autophagosomes is regulated by a suite of proteins encoded by autophagy-related genes (ATGs). These genes, which are highly evolutionarily conserved, were originally discovered in yeast and have been systematically studied [22] . The initiation of autophagy could be induced by the dissociation of Beclin 1 (the mammalian ortholog of yeast autophagy-related gene 6, ATG6) from its inhibitors [23] . leads to the activation of the ULK complex, resulting in the induction of autophagy [28] .
AMPK also promotes autophagy by the direct activation of ULK1 through phosphorylation of Ser317 and Ser777 under glucose starvation [27] .
During the process of autophagy induction, a mammalian-specific scaffold protein named AMBRA1 (activating Molecule in Beclin-1-Regulated Autophagy) is phosphorylated by ULK1 and translocates to the ER, where it can prime autophagosome formation [29] . These activations are also associated with the Beclin 1 complex (the autophagy-specific class III phosphoinositide-3-kinase complex, CIII PI3K) [30] and the ULK complex [31] . (phosphorylatidylinositol-3-phosphate) [32] and Jumpy (a myotubularin-related phosphoinositol-3-phosphate phosphatase, also known as MTMR14) [33] . During the maturation of an autophagosome, LC3-II binds to the membrane and aids the expansion, making LC3 family protein a useful marker for identifying autophagosomes [34] . In contrast, the ATG proteins dissociate from the membrane before maturation, with the exception of ATG9, which participates in vesicles and lipid delivery and is involved in the entire process [35, 36] .
In response to starvation, phosphorylation of mATG9 by ULK1 promotes the interactions between mATG9 and the adaptor protein complex, leading to redistribution of mATG9 from the plasma membrane and juxta-nuclear region to the peripheral pool for autophagy initiation [36] . The origin and mechanism of autophagosome formation are not fully understood; however, the origin of the isolation membrane is considered to be associated with several cellular organelles, especially the ER, mitochondria, and Golgi apparatus [37] .
Pathways associated with ER stress and the UPR
The hypothesis that misfolded or unfolded proteins and the UPR might be the primary promoters of cells surviving ER stress was first proposed in the 1980s [38] and led to Ordinarily, the activation of PERK, IRE1, and ATF6 is prevented by the binding of Grp78.
However, when a cell is experiencing stress conditions, with misfolded or unfolded proteins accumulating in its ER, Grp78 switches its binding site to the hydrophobic domains and releases the sensors [41] , thereby promoting the oligomerization and transphorylation of IRE1 and PERK [42] and revealing an ER export motif in ATF6 [43] (as shown in Figure 2 ).
The PERK pathway
Under stress conditions, the protein kinase domain on PERK is activated, promoting its oligomerization and trans-autophosphorylation [44] . Phosphorylation of the α-subunit of EIF2 (eukaryotic initiation factor 2) subsequently inhibits EIF2β (a guanine nucleotide exchange factor), resulting in translation attenuation and reducing the excess of newly synthesized protein.
Alternatively, phosphorylated EIF2 increases the translation of ATF4 (activating transcription factor 4) and induces the expression of ERstress target genes to support the recovery of translation. A study in murine cells [45] found that the PERK-EIF2α signaling pathway was also involved in polyQ72-induced ATG12 upregulation and LC3 conversion, suggesting the pro-survival role that PERK-EIF2α pathway plays in autophagy. Another study [46] revealed that, in addition to reducing the protein overload in the ER, the inhibition of . UPR-associated pathways. UPR pathways play important roles in cell survival under stress conditions. IRE1, PERK, and ATF6 are three associated sensors that are normally inhibited by the binding of Grp78. However, under stress conditions, Grp78 dissociates from the sensors, thereby promoting the oligomerization and transphorylation of IRE1 and PERK, as well as the transportation of an ER export motif in ATF6α. The PERK downstream factor EIF2 attenuates translation or inhibits the cell cycle in order to maintain the coordination of protein synthesis and also enhances the translation of the ATF4 gene to support the recovery of translation. IRE1 dimerization and phosphorylation induced XBP1 mRNA splicing, resulting in the production of sXBP1. As a transcription factor, sXBP1 up regulates the expression of ER functional genes to promote the recovery of ER function. After its dissociation from Grp78, ATF6 undergoes trans-Golgi migration and releases a cytosolic fragment to activate the transcription of UPR target genes.
mRNA [48] , which is also activated by cytosolic kinase/endoribonuclease (RNase) domains [49] . Spliced XBP1 (sXBP1) mRNA is translated to a transcription factor that up-regulates the target genes via the ERSE (ER stress response element) promoter. sXBP1 is also involved in several aspects of ER function and physiology, such as protein folding, quality control, and the ERAD (ER-associated degeneration) system [50] . RNase substrate activation of IRE1α is restricted by its oligomerization status. Under conditions of chronic ER stress, the overoligomerized IRE1α expands its substrates to include many ER-localized mRNAs, resulting in RIDD (regulated IRE1-dependent decay of mRNA) or apoptosis, whereas lower levels of oligomerization will block RIDD and maintain XBP1 splicing [48] to reduce cell degeneration.
The ATF6 pathway to the nucleus, bind to specific regulatory elements, and influence expression of ER stress response genes (e.g.GRP78) that contribute to resolving the ER stress response. Accordingly, cell viability are enhanced [52] . When a cell is under stress, ATF6 undergoes trans-Golgi migration instead of binding to the ER as usual, and an N-terminal DNA-binding transcription factor domain is released, catalyzed by two Golgi-resident enzymes named S1P and S2P
proteases [44] . In addition to Grp78 dissociation, which is similar to that which occurs in PERK and IRE1 activation, the redox state of ATF6 is also involved in ER stress sensing and ATF6
activation [53] . Subsequently, the ATF6α cytosolic domain translocates to the nucleus and promotes adaptation processes, e.g., by
activating the transcription of UPR target genes and AKT (also known as protein kinase B or PKB), resulting in negative regulation of mTORC1 and ULK1 activities [54] . A study conducted in ATF6α and ATF6β knockout mice showed that the maintenance of ER chaperones in mammalian cells depends on the function of ATF6, rather than that of IRE1 (as in worm and fly cells) [55] . However, the regulation of the ATF6 signal is highly dynamic and initially depends on the experimental system used, especially on the intensity of the stress induced by the different pharmacologic stressors [56] . 
Autophagy in ICH and other diseases
Autophagy has been implicated in the pathophysiology of many neurological disorders [76, 77] , such as PD [12] , AD [10] , ALS and other neurodegenerative disorders [78, 79] .
The involvement of autophagy in ALS has been recently confirmed by whole-exome gene sequencing of a large cohort of ALS patients and controls [2] . The activation of autophagy is also involved in several brain injury associated disorders. Previous studies [80] [81] [82] provided evidences that autophagy pathways were initiated after cerebral ischemia, and functional impairment of autophagy resulted in the accumulation of protein aggregates, damaged organelles, and ultimately neuronal death. A recent study [83] Autophagy pathway activation was detected in neurons after experimentally induced ICH [84] , and subarachnoid hemorrhage [85] in rat models. is an important promoter of ICH-induced autophagic cell death and also contributes to ICH-induced brain injury [96] . As a component from plasma and hemoglobin after erythrocyte lysis, the overloaded free irons can cause free radical formation and brain damage [69] . JNK pathway activation may influence cell survival via transcriptional and post-translational regulation of proteins [97] . The fusion of irons trigger JNK pathway activation, and conversely the application of iron chelates reduce free iron levels and attenuates activation of JNK [98] .
With the accumulation of free iron, ER stress is triggered, and autophagosome formation is also increased via IRE1-JNK signaling pathway [66] . These results indicate that JNK pathway is involved in iron triggered ER stress and autophagy activation. Glutamateinduced neuron toxicity is an ideal model for studying neurological diseases. The increased glutamate level in perihematomal is a major metabolic effect of hemorrhage [99, 100] [112] . The role of autophagy in cancer has been well studied [113, 114] Other reasons for considering autophagy modulation as a possible treatment are its influence on the immune response [122, 123] and its association with apoptosis and necroptosis [124, 125] .
Strategies to modulate the autophagy mechanism for disease treatment have been widely evaluated [113, 126, 127] . For now, whether inducing autophagy and ER stress after brain injury or inhibiting these processes protects neurons is still under debating. However several encouraging progressions have been made in targeting autophagy in ICH. A rat model study [128] proved that autophagy activation induced by ischemic preconditioning may ameliorate brain damage by constraining excessive ER stress, whereas inhibiting autophagy with the recently identified autophagy-inducing agent [130] . Researchers investigating ICH [131, 132] have proposed that autophagy contributes to microglial activation and that the inhibition of autophagy partly reduces brain damage after ICH. The effect of age was also evaluated in a rat model of ICH [86] , with more severe autophagy and neurologic deficits being seen in aged rats after ICH than in younger animals.
A sex-specific study [3] in a rat model of ICH demonstrated that the suppression of ferrous citrate-induced autophagy contributes to the less severe brain injury caused by iron overload in female rats as compared to that in male rats.
It was recently demonstrated in rat models that many secondary injuries caused by ICH could be substantially reduced by injecting the animals with minocycline and that the medicinal effect of minocycline was exerted through both antiautophagy and anti-apoptosis pathways [133] .
Clonidine and rilmenidine have also been reported to be pharmacologically protective against neurologic disease through their positive effect on autophagy induction [134] .
Although there is still controversy as to whether the mechanisms of autophagy, ER stress, and the UPR are beneficial or detrimental to injured neurons after ICH, the above results highlight the applications and therapeutic potential of autophagy pathway modulators for the treatment of ICH.
Conclusions
For many years, there has been increasing interest in the function of autophagy in neurodegenerative disease [77, 135] and cerebral ischemic injury [128, 136, 137] 
